Recent approaches to develop infrared photodetectors characterized by high sensitivities, broadband spectral coverage, easy integration with silicon electronics and low cost have been based on hybrid structures of transition metal dichalcogenides (TMDCs) and PbS colloidal quantum dots (CQDs). However, to date, such photodetectors have been reported with high sensitivity up to 1.5 µm. Here we extend the spectral coverage of this technology towards 2 µm demonstrating for the first time compelling performance with responsivities 1400 A/W at 1.8 µm with 1V bias and detectivities as high as 1012 Jones at room temperature. To do this we studied two TMDC materials as a carrier transport layer, tungsten disulfide (WS2) and molybdenum disulfide (MoS2) and demonstrate that WS2 based hybrid photodetectors outperform those of MoS2 due to a more adequate band alignment that favors carrier transfer from the CQDs.
Photodetection in the infrared is of paramount importance for applications in night-vision, medical diagnosis, astronomy, environmental pollution monitoring, spectroscopy and telecommunications.1-3 However, commercial infrared detectors are costly due to their epitaxial growth methods and complex non-monolithic integration with CMOS technology. Moreover, their performance is optimized upon cooling adding further complexity on their integration, power consumption and miniaturization.4
Colloidal quantum dots (CQDs) provide an attractive low-cost approach to traditional bulk, epitaxially grown materials generally used in photodetection in the infrared, such as InSb, InGaAs, HgCdTe.5 They can be synthesized and processed in large quantities by solution processed techniques, with controllable size distributions. One of the most extensively studied materials employed in photodetectors has been CQDs of lead sulfide (PbS), that offers bandgap tunability from 2300 nm down to 700 nm.6
In CQD based photodetectors, a major obstacle against high performance is the low mobility of the quantum dot (QD) films, mainly due to inefficient charge hopping transport.7 Surface engineering and ligand exchange strategies have been able to push mobilities up to 0.1 cm2/Vs in CQD films. 8 In some QD systems, developing composition-matched contacts for the CQD films increased mobilities up to 300 cm2/Vs, proving that the contact resistance in the QD-based devices is a major obstacle. 9 To exploit the potential of QDs in practical devices, hybrid systems have been proposed, combining sensitive QDs with high-mobility charge transfer layers. One of the first hybrid detectors uses QD layers deposited on graphene transistors.10 Photogenerated carriers in QDs are transferred to graphene for fast charge collection, owing to high mobility of exfoliated graphene which is about 1000 cm2/Vs in that particular device structure. An internal gain mechanism boosts responsivity as charges circulate through the device many times. Therefore, graphene-QD devices reach responsivities as high as 107 A/W at 950 nm. Nevertheless, high dark currents are an issue that leads to high power consumption, as graphene is a semi-metal and current flow through graphene transistors cannot be switched off by electrostatic gating.
As a solution, hybrid photodetectors that use transition metal dichalcogenides (TMDCs) as high mobility transport layers have proven effective in both absorbing infrared radiation in the QD layer and transferring the photogenerated carriers via the TMDC layer to the contacts for charge collection. 11 With mobilities in the 0.5-3 cm2/Vs range for MoS2 single layers, reaching 200 cm2/Vs after encapsulation12, and mobilities of 140 cm2/Vs 13 for WS2, those two TMDC materials have been reported in hybrid photodetectors. [14] [15] [16] PbS-TMDC detectors have been reported with compelling performance up to 1.5 µm, exhibiting detectivities up to 1011 Jones at the exciton wavelength (around 1 µm)15; however, access to longer wavelengths towards 2 µm has been achieved only with the use of HgTe CQDs17. In this paper, we employ large PbS CQDs in combination with two kinds of TMDC (MoS2 and WS2) to demonstrate the first hybrid photodetectors with low noise and high detectivity up to 2 µm. Figure S1 ). We incorporated few-layers of TMDCs in our devices since previous reports show that FETs which consist of 5-6 layers of TMDCs exhibit lower noise than monolayers or bulk.18 Gold source and drain contacts are patterned on both edges of TMDCs with photolithography to create TMDC transistors, with an active area of approximately 50 µm2.
PbS QDs are synthesized under inert conditions as described in previous work. 15 The details of the synthesis can be found in the methods section. After synthesis, we analyzed the CQDs to determine the exciton wavelength and shape distribution (Figures S2 and S3) to reveal that the exciton absorption peak lies near 1.8 µm, with an average QD diameter of 8.03 ± 1.67 nm. To form the hybrid device and coat the QDs on TMDC transistors as a film, it is necessary to decrease the distance between QDs and to passivate their surfaces with a proper ligand exchange treatment. One of the prominent ligands used in this exchange process is ethanedithiol (EDT). 19 Several devices have been fabricated using EDT, the ligand of choice for previous reports utilizing larger bandgap PbS QDs. However, EDT proved not to be a suitable ligand for the size of PbS QDs considered in this study, leading to poor performance, as explained in detail in Supporting Information ( Figure S7 ). Previous research in our group on PbS solar cells has demonstrated that a mixed ligand treatment of ZnI2 and MPA (zinc iodide and 3-mercaptopropionic acid) serves as a better ligand exchange scheme for large sized PbS QDs and was reported to suppress trap state density, possess higher mobilities (compared to EDT treated QDs) and result in a larger electron affinity.20 Therefore, this mixed ligand treatment has been our choice for our devices. The CQD solution is spincoated on a layer-by-layer fashion using ZnI2+MPA for ligand exchange to create a QD film on top of the TMDCs, with a thickness of around 85 nm. Optical microscope images before and after QD film deposition can be seen in Figure 1b -c and Figure 1d -e.
We performed measurements in dark conditions using an electromagnetically isolated probe station and a semiconductor analyzer at various stages of fabrication. After the QD layer is deposited on the TMDC transistors, off-state currents increase in both MoS2 and WS2 based devices, as shown in Figure 1f -g. In MoS2 based devices, this can be linked to the presence of sulfur vacancies that create high density of localized states and an uncontrolled doping resulting in an increase of the off-state currents.21 A similar mechanism can also be present in WS2 based devices. Dark currents in both WS2 and MoS2 based devices are in a similar range in the final devices. From the transfer curves we are able to obtain the mobilities of our devices (see methods section and Table S1 ). Upon QD deposition, for WS2 based device, mobility decreased from 30.2 to 12.4 cm2/Vs; and for the MoS2 based device, it decreased from 21.9 to 7.3 cm2/Vs. In both devices hysteresis in the transfer curves decreases significantly after the QD layer is deposited. This can be attributed to a decreased interaction of the TMDC layers with adsorbates in the atmosphere.
We then characterized the responsivity of the detectors as a function of light intensity and wavelength. Figure 2a shows a decrease in responsivity with increasing light power, measured using a fiber-coupled 1310 nm laser with adjustable power output. As demonstrated earlier by Kufer et al. 15 hybrid photodetectors become less responsive in high illumination conditions, due to direct charge transfer from QDs. Photogenerated carriers in the QDs induce a reverse electric field, effectively lowering the built-in field.22 Charge carrier recombination is therefore accelerated at the interface with the resulting drop in responsivity. At 1310 nm, WS2 and MoS2 based devices have a maximum responsivity of 510 A/W and 103 A/W respectively. Photoconductive gain in these detectors originates from photogenerated electrons that are transferred over to the highmobility TMDC layer. Electrons start to circulate in the circuitry while holes are trapped inside the QDs. This yields to an internal gain, which is determined by the ratio G=τlifetime/ τtransit, where τlifetime is the electron-hole recombination lifetime and τtransit is the carrier transit time through the contacts. τlifetime values can be extracted from Figure 3a and τtransit can be calculated as 2 µ ⁄ , where L is the length of the device (5 µm in our devices), µ is the field effect carrier mobility, and VDS is the source-drain voltage (1V for our measurements). We can determine the gain for WS2 based device as approximately 107 and for the MoS2 based device it is about 8.7x105. In order to measure the detectivity (D*) of our detectors we performed noise current measurements in dark. We measured the noise power spectral density (PSD) by two different methods. Firstly, by analyzing the Fourier transform (FFT) of the dark current and secondly, by measuring the noise at different frequencies with a lock-in amplifier, using the same bias voltages as in the responsivity measurements. Noise PSDs for both devices are shown in Figure 2b and they are similar in terms of magnitude and shape. Both FFT and lock-in methods give similar results. In low frequency range, up to approximately 5 Hz, the devices exhibit 1/f behavior (flicker noise, calculated to be 1/f1.7), indicated by dotted red lines. Figure 2c shows photoresponse in the 0.8-2.2 µm range, with a clear excitonic peak at around 1.8 µm. At this wavelength, responsivity reaches 1442 A/W and 202 A/W for WS2 and MoS2 based devices respectively. The detectivity, D*, is then calculated by:
where R is responsivity, A is device area, B is bandwidth and in is the noise current. The spectral D* of the detectors is also plotted in Figure 2c . Our WS2 and MoS2 devices exhibit detectivities of 1.0x1012 and 2.8x1011 Jones, respectively, at room temperature with their response reaching up to 2.1 µm. Previously reported PbS-based hybrid photodetectors, while having high detectivites (7x1013 Jones), have only achieved photoresponse up to 1.5 µm.11 The only other hybrid devices to achieve responsivity up to 2.1 µm were based on HgTe, with detectivities in the same order as our WS2 based devices.17 (see Table S3 for a comparison with previously reported hybrid photodetectors) (1) Photoresponse speed is another relevant figure of merit of photodetectors. In this sense, MoS2 based devices operate faster than WS2 based ones, as shown in Figure 3a . Upon excitation with a modulated 1310 nm laser, the MoS2 based device has decay response with a time constant of about 0.032 s, while this value is 0.2 s for the WS2 based device. These values lie in the range of previously reported hybrid devices (Table S3 ). To account for the observed differences in the time response of the MoS2 and WS2 based detectors, we plot in Figure 3b -c the corresponding band alignment of the QD/TMDC heterostructures. We have constructed these band diagrams from ultraviolet photoelectron spectroscopy (UPS) values from literature and our observations of the transfer curves. Further details and discussion can be found in the supplementary information ( Figures S5-S6 ). The clear formation of a type-II heterojunction in the case of WS2 leads to slow recombination between photogenerated electrons transferred to the WS2 and trapped photogenerated holes in the QD layer. In the case of MoS2 based detectors the band alignment creates an electron-rich zone at the interface that facilitates faster recombination, thereby leading to faster photocurrent relaxation. The nature of the band alignment in those two cases may also account for the difference in responsivities between the two types of detectors. WS2 based photodetectors possessing a clear type II junction allows for more efficient electron transfer to the TMDC material compared to the case of the MoS2 based detector. The recorded responsivities of the MoS2 devices have been found to be statistically lower than in the case of WS2 based ones (In Table S2 we present results for the range of values recorded from different devices). 
CONCLUSION
In conclusion, we demonstrated two different types of TMDC-QD hybrid photodetectors, one with WS2 and the other with MoS2, both capable of operating at wavelengths above 1.8 µm. Owing to the semiconducting nature of few-layers of TMDCs, our devices exhibit reduced dark current and noise as compared with graphene-based hybrid photodetectors; therefore, reducing power consumption and increasing detectivity. Favorable band alignments in the WS2 based device gave rise to detectivities of 1012 Jones at 1.8 µm and room temperature. These hybrid devices have great potential as they are thin and can operate without external cooling, with high sensitivities across the SWIR. Our work also highlights the importance of the selection of the appropriate TMDC channel for a given QD material.
METHODS

TMDC transistor fabrication
Si/SiO2 (285 nm) substrates are cleaned in acetone and isopropanol with sonication. WS2 and MoS2 flakes (purchased from 2D semiconductors) are exfoliated by using a PDMS tape on different substrates. After transfer, samples are soaked in acetone for 30 min to remove the residual glue from the tape. Regions of few-layers of TMDCs are identified under an optical microscope. Photoresist, AZ5214E, is spincoated on the samples and baked. Using laser-writing photolithography, source and drain contacts are patterned on the edges of the TMDC flakes. After development, 3 nm of Ti and 50 nm of Au is deposited using an e-beam and thermal evaporator. Following lift-off, samples are annealed under nitrogen atmosphere at 150ºC for 2 hours to improve contact adhesion.
PbS QD synthesis and deposition
The PbS QDs are synthesized by a previously reported multi-injection method.23 Briefly, 0.45 g lead oxide (PbO), 100 mL 1-octadecene (ODE) and 3.8 mL oleic acid were mixed and degassed overnight at 90ºC under vacuum. After the degassing, the solution was placed under Ar, the reaction temperature was set to 115ºC and a solution of 55 μL hexamethyldisilathiane ((TMS)2S) in 3 mL ODE was quickly injected. After 6 minutes, a second solution of 135 μL (TMS)2S in 12 mL ODE was dropwise injected in a rate of 0.75 mL/min. After this second injection, the heating was stopped, and the solution was let to cool down naturally to room temperature. QDs were purified three times by precipitation with acetone and ethanol and redispersing in anhydrous toluene. Finally, the concentration was adjusted to 30 mg/mL and the solution was bubbled with N2.
PbS CQD films are deposited using a layer-by-layer spin-coating process under ambient conditions at 2500 rpm, following the recipe in previous work.20 ZnI2+MPA (zinc iodide and 3mercaptopropionic acid) ligand solution is prepared in methanol (25x10-3 M ZnI2 with 0.01% MPA v/v). Dropping CQD solution (in toluene) following by ligand solution and methanol for washing the excess unbound ligands, layer-by-layer deposition is performed on the TMDC transistors. For the devices with ethanedithiol (EDT), a ligand solution of (II) 1,2-Ethanedithiol (EDT) in acetonitrile (ACN) (0.01% v/v) is used. In this case, the washing chemicals are replaced with ACN and toluene. Using this layer-by-layer spincasting technique, 4 layers are deposited in the substrates, resulting in a thickness of approximately 85 nm of QD film on our TMDC transistors.
Electrical and Optical Characterization
Transfer curves before and after QD deposition, as well as noise measurements are performed in an electromagnetically isolated probe station with a semiconductor analyzer (Agilent B1500A) using a two-probe connection in ambient. Noise measurements are taken as Fourier transform of dark current traces spaced 4 ms apart and are further confirmed by a lock-in based setup (Zurich Instruments MFLI with a 2-channel low noise power source Keysight B2962A) in the same probe station.
By fitting the linear region of the transistor transfer curves, mobility, µ, is calculated under the short channel approximation as:
=
where IDS is the source-drain current, VGS is the back-gate voltage, L and W are the length and width of the TMDC channel respectively; Cox is the capacitance of the oxide layer and VDS is the source-drain voltage (set as 1 V for our measurements). Cox is taken as 1.28x10-8 F cm-2. The slopes of the transfer curves are calculated when the device is in the on (conducting, nondepleted) state. A significant hysteresis in the transfer characteristics can be seen in all devices, and can be linked to atmospheric adsorption and trapped charges; an issue being addressed by many groups.24,25 Due to hysteresis, forward and backward mobilities are different and are tabulated and further explained in the Table S1 .
Light power dependent responsivity measurements are performed in the same probe station using a fiber-coupled 1310 nm laser with light power controlled by an Agilent A33220A waveform generator. Spectral responsivity measurements are performed by a fiber coupled supercontinuum laser (SuperKExtreme EXW-4, NKT Photonics). We performed measurements at gate voltages where the photoresponse was highest. Laser power density measurements are performed by a calibrated Newport power meter with Si and Ge detectors using a 25 µm diameter circular aperture right before the detector to account for the beam divergence in different wavelengths. Figure S1 . Raman spectra for WS2 (a) and MoS2 (b) after exfoliation After exfoliation of TMDC layers using the Scotch tape method, we identified regions of few atomic layers to be made into devices and measured their Raman spectra. According to the Raman measurements, MoS2 consists of 5-6 layers and WS2 consists of 3-5 layers.
Raman Measurements of exfoliated TMDC layers
Properties of Colloidal PbS Quantum Dots
To investigate the colloidal quantum dots that are synthesized as described in the methods part of the main text, we performed spectrophotometer absorption measurements to determine the spectral response; and TEM (transmission electron microscopy) measurements to determine the size distribution of the dots. Figure S2 . Spectral absorption of the PbS CQDs in toluene after synthesis measured using Cary-5000 spectrophotometer.
Right after the synthesis of PbS colloidal quantum dots, we measured their absorption spectra while in solution of toluene, using a Cary 5000 Spectrophotometer. Pure toluene is taken as a background absorber and QD solution is diluted in the same toluene for absorption measurements. The resulting curve indicates that our dots have an exciton wavelength near 1.8 m. Analysis of TEM images reveal that the average diameter of the dots are 8.03 ± 1.67 nm. These results match closely with the model developed by Moreels et al. 1 and also from previous experimental works in our group.2
Photodetector with only QD layer
S3
To see the impact of TMDC layer on our QD devices, we fabricated control devices without any TMDC layer on them. CQDs are spincast using the same ligand exchange methods and the resulting transistor is measured in the same conditions as the hybrid devices. Figure S4a shows the transfer curve of the QD photodetector. The material is n-type with a calculated mobility of 4.8x10-2 cm2/Vs. Figure S4b shows the response of this photodetector to 1310 nm laser light with varying intensities. Just as in the hybrid devices, there is a decrease of responsivity as the laser power increases. The minimum measurable signal gives a responsivity of about 1.46 A/W. This is at least 2 orders of magnitude lower than the hybrid devices presented in the main text. Photogenerated carriers recombine before they can be extracted by the contacts due to a combination of low mobility and large contact resistance.
Spectral responsivity is measured using a supercontinuum laser with normalized light intensities as in the main text. The resulting spectral shape is almost identical to the one of hybrid devices, except the increasing responsivity below 900 nm, which can be attributed to the onset of absorption of the TMDCs.
Mobility Calculations oh Hybrid Devices
S4
The mobilities of the active layers are calculated using equation (2) in the method section of the main text. Due to hysteresis, two different mobility values are obtained for backward and forward curves of the transfer curve. Forward curve is defined as starting with a negative VGS and increasing to positive voltages, while backward curve is the opposite. In the main text, only the backward mobilities are reported. Table S1 . Mobilities of the devices in various steps of fabrication. Forward and backward values are extracted from Figure 1f -g in the main text and calculated using Equation (1) Transfer Curve Shifts in Hybrid Devices Figure S5 . Transfer (IDS-VGS) curves of the hybrid photodetectors in linear scale for (a) WS2 and (b) MoS2 based devices, including the hysteresis effect. In both cases, curves shift to the right after QD deposition, which is indicated by an arrow.
Device
While investigating the effect of QDs on the TMDC transistor system, looking at the shifts in transfer curves gives us an insight. Figure S5 shows the transfer characteristics of the devices in the main text (Figure 1f -g) in linear scale so that the reader can see the threshold voltages clearly. Threshold voltage is the voltage above which the transistor starts conducting. In both cases, before QD deposition we can see that the threshold voltages lie in the lower voltages. We also observe that the transistors are n-type. After QD deposition, threshold voltages shift to higher voltages. This indicates that the hybrid transistor system is less n-doped than the bare TMDC transistor system, which suggest electron transfer from the TMDC to the QDs upon junction of the two materials. Therefore, we conclude that the fermi level of the QDs must be below the fermi levels of TMDCs before they are combined. The horizontal shift in the transfer curves is larger in the case of MoS2 when compared to WS2. This suggests there is a larger difference in fermi levels between MoS2 layers and QD layers. This difference is lower in WS2. This observation complements our discussion for Figure 3b -c in the main text and Figure S6 .
Band Diagrams of Hybrid Devices
To construct the band diagrams of the TMDCs, we have used UPS values from the literature.
In this work we have used exfoliated TMDC layers therefore, the sizes of our flakes are usually in the order of 30-100 µm2. In these small sizes, UPS measurements were not possible. Also, for our hybrid devices, PbS QD layer thickness exceeds the penetration depth of UPS. As a result, a detailed analysis of the interface between TMDC-QDs were not possible.
Reports of experimental UPS measurements of exfoliated TMDC flakes show that valence band of WS2 and MoS2 lies below 5.99 and 5.49 eV from the vacuum level respectively.3 Some other UPS measurements performed on chemically grown WS2 denote the valance band edge around -5.65 eV below the vacuum level. 4 For this reason, in Figure S6 , we included and uncertainty in the valance and conduction band edges for WS2, as the exact position is still not settled yet. For the bandgaps of few-layers of TMDCs, we have used the experimental values from other groups; for MoS2 and WS2 they are approximately 1.39 eV 5 and 1.42 eV 6, respectively
As for the PbS QDs, we have used -5.0 eV for the valence band maximum (VBM), as obtained from previous UPS measurements from our group for QDs similar to the ones employed here. 2 The conduction band maximum (CBM) has been obtained by adding the measured optical bandgap to the VBM.
Regarding the position of the Fermi level in each material prior to junction, we have used based our analysis in the previous discussion on the transfer curves of our photodetectors ( Figure S5 ). We know that: (i) the Fermi level of the QDs must be lower than that of the TMDCs, (ii) the Fermi level of MoS2 is higher than that of WSs.; and (iii) both WS2 and MoS2 are n-type and highly conductive, therefore, for each of them, we assume that the Fermi level should not be more than 3 or 4 times kT below the CBM. In addition, we have calculated the Fermi level of our PbS CQD film to be approximately 0.085 eV below the CBM, as we explain next. To test the effect of the ligands, hybrid photodetectors are fabricated with WS2 and MoS2 (5 layers) and PbS QDs (1.75 µm exciton wavelength) treated with EDT (ethanedithiol) during spin coating. The same architecture and dimensions are used described in the main text.
It has been previously shown that EDT induces a p-doping rather than an n-doping as in the case of iodine-based ligands, such as ZnI2+MPA. 9 The referenced publication also shows that treating PbS QDs with EDT modifies the conduction and valance bands such that their energies decrease. i.e. they move closer to vacuum level. Following our discussion from before, by observing the transfer curves in Figure S7b , we can say that the threshold voltage after the QD deposition shifts to lower voltages. This indicates that QD deposition induced an n-doping on the final hybrid system. Therefore, the fermi level of the TMDCs must have been lower than the QDs before the hybrid device formed. This indicates that an electric field in the opposite direction as in the case of ZnI2+MPA-based-QDs is formed. The authors conclude that this reverse electric field, in combination with worse trap state suppression10 are the reasons for low performance of the EDT-based hybrid devices. Figure S7c shows that the noise levels follow a similar behavior as the ZnI2+MPA treated devices. With the measured responsivities and noise levels, detectivities (D*) at the exciton wavelength is 3.4x1010 Jones for WS2 based device whereas for the MoS2 based devices D* is calculated to be 2x108 Jones.
Regarding the speed of the devices Figure S7f shows that WS2 based device is slower than the MoS2 based device with time constants of 2.44 seconds to 0.8 seconds, similar to the ZnI2+MPA treated devices. This can be due to poor trap state suppression in the WS2 based device as in the devices presented in the main text.
S9
Statistics on Hybrid Devices
We have fabricated and measured several devices following the same procedure as described in the main text to test the reproducibility and the performance range of our hybrid photodetectors. These results are summarized in Table S2 . Table S2 . A summary of the performance metrics of fabricated hybrid photodetectors.
All of the devices in Table S2 are fabricated on separate substrates and measured under the same conditions as the devices presented in the main text. In general, we can see that the responsivity values of WS2 based devices are larger than the ones of MoS2, which is the major difference between the two sets of devices towards a large difference in detectivities. Noise levels are almost the same in both cases and they are measured by taking the FFT of the dark current traces and confirmed by lock-in measurements. The speed of the detectors is measured using a 1310 nm laser, as in the case of the devices in the main text. Several measurements have been made with varying gate voltages for the speed and an average is established with an error. The results indicate that WS2 based devices are generally slower than the MoS2 based ones. 
Device
